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ABSTRACT Peptidoglycan is a vital component of nearly all cell wall-bearing bacte-
ria and is a valuable target for antibacterial therapy. However, despite decades of
work, there remain important gaps in understanding how this macromolecule is syn-
thesized and molded into a three-dimensional structure that imparts specific mor-
phologies to individual cells. Here, we investigated the particularly enigmatic area of
how peptidoglycan is synthesized and shaped during the first stages of creating cell
shape de novo, that is, in the absence of a preexisting template. We found that
when lysozyme-induced (LI) spheroplasts of Escherichia coli were allowed to resyn-
thesize peptidoglycan, the cells divided first and then elongated to recreate a nor-
mal rod-shaped morphology. Penicillin binding protein 1B (PBP1B) was critical for
the first stage of this recovery process. PBP1B synthesized peptidoglycan de novo,
and this synthesis required that PBP1B interact with the outer membrane lipoprotein
LpoB. Surprisingly, when LpoB was localized improperly to the inner membrane, re-
covering spheroplasts synthesized peptidoglycan and divided but then propagated
as amorphous spheroidal cells, suggesting that the regeneration of a normal rod
shape depends on a particular spatial interaction. Similarly, spheroplasts carrying a
PBP1B variant lacking transpeptidase activity or those in which PBP1A was overpro-
duced could synthesize new peptidoglycan and divide but then grew as oddly
shaped spheroids. We conclude that de novo cell wall synthesis requires the glyco-
syltransferase activity of PBP1B but that PBP1B transpeptidase activity is needed to
assemble cell walls with wild-type morphology.

IMPORTANCE Bacterial cell wall peptidoglycan is synthesized and modified by peni-
cillin binding proteins (PBPs), which are targeted by about half of all currently pre-
scribed antibiotics, including penicillin and its derivatives. Because antibiotic resis-
tance is rising, it has become increasingly urgent that we fill the gaps in our
knowledge about how PBPs create and assemble this protective wall. We report
here that PBP1B plays an essential role in synthesizing peptidoglycan in the absence
of a preexisting template: its glycosyltransferase activity is responsible for de novo
synthesis, while its transpeptidase activity is required to construct cell walls of a spe-
cific shape. These results highlight the importance of this enzyme and distinguish its
biological roles from those of other PBPs and peptidoglycan synthases.
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For rod-shaped Escherichia coli to grow and multiply, new cell wall must be incor-
porated into the existing structure, followed by symmetrical division so that each

daughter cell retains the size and shape of the mother cell (1, 2). These two processes,
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elongation and division, share several enzymes, proteins, and substrates but are
distinguished from one another by the presence of unique components and by the fact
that the MreB protein guides cell elongation and the FtsZ protein initiates and guides
cell division (3–7). In both cases, the peptidoglycan (PG) component of the wall is
synthesized by one or more bifunctional class A penicillin binding proteins (PBPs),
which polymerize and cross-link the glycan chains via glycosyltransferase (GTase) and
transpeptidase (TPase) activities, respectively (1). Alternately, one or more SEDS family
proteins may supply the GTase polymerization activity, while one of the class B PBPs
acts as the TPase (8, 9). In E. coli, PBPs 1A and 1B are the major bifunctional class A PG
synthases, and one or the other must be present for cell viability (10–13). The fact that
only one of these PBPs is required for E. coli to grow with a normal rod shape indicates
that either enzyme can drive both elongation and division (4, 10, 14), despite intima-
tions that PBP1A may prefer the elongation complex (5) and that PBP1B may associate
more strongly with the division complex (14–17).

Although PBPs 1A and 1B were once considered redundant and interchangeable,
mutants lacking one or the other exhibit different phenotypes, indicating that the two
enzymes have different abilities and biological roles. For example, unlike cells lacking
PBP1A, mutants lacking PBP1B are more sensitive to D-methionine and some �-lactams
(11, 18, 19), survive less well during stationary phase (20), grow poorly in the absence
of NaCl (12), and form biofilms less efficiently (21). They are also more sensitive to
sodium citrate, EDTA, vancomycin, and the lytic effects of overproducing the DD-
carboxypeptidase PBP5 (B. M. Meberg, S. Kannan, and K. D. Young, unpublished data).
Also notable is the fact that mutants lacking PBP1B lyse either when the elongation-
specific protein PBP2 is inactivated or when the division-specific PBP3 is inactivated,
whereas under the same conditions, mutants lacking PBP1A continue to grow as
spherical or filamentous cells, respectively (22–24). Thus, the two class A PBPs are not
functionally identical, even though they can substitute for one another during cell
elongation and division.

One of the ways in which PBPs 1A and 1B differ is in their effect on lysozyme-
induced (LI) spheroplasts. Spheroplasts and L forms are cells that have lost their
peptidoglycan wall either temporarily (spheroplasts and unstable L forms) or perma-
nently (stable L forms) (25, 26). These forms can be cultivated under the proper osmotic
conditions, and the first group can sometimes regenerate their cell walls and return to
a wild-type morphology (26–30). This behavior raises the following important but
unresolved question: how do spheroplasts and L forms rebuild their original morphol-
ogy in the absence of a preexisting template? It appears that a large part of the answer
lies in the nature and activity of PBPs 1A and 1B: E. coli LI spheroplasts that lack PBP1B
cannot reconstruct their original rod shape but instead continue to expand until they
lyse, whereas similar spheroplasts lacking PBP1A recover and recreate a wild-type
shape (28). Here, we show that PBP1B plays a key role in the earliest stages of the shape
recovery process. In the absence of PBP1B, spheroplasts containing wild-type amounts
of PBP1A cannot synthesize new PG de novo and the cells do not divide. Surprisingly,
E. coli LI spheroplasts grow and multiply if they are supplied with a PBP1B having no
TPase activity, but the resulting progeny are amorphous or spheroidal. Thus, the GTase
activity of PBP1B is essential for cell division during spheroplast recovery, but recon-
struction of a wild-type rod shape requires a functional TPase domain. Sufficient
overproduction of PBP1A can also induce LI spheroplasts to divide, but the progeny are
similarly amorphous and spheroidal, suggesting that the two PBPs have different
cross-linking abilities. In short, only PBP1B can recreate normally shaped cells de novo
in the absence of a preexisting cell wall template, further distinguishing the biological
role of PBP1B from that of other cell wall-synthesizing enzymes.

RESULTS
Cell division initiates cell shape restoration in LI spheroplasts. To determine

how E. coli lysozyme-induced (LI) spheroplasts begin to rebuild their original wild-type
morphology, we first compared their growth behavior to that of normal rod-shaped
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cells and to that of spherical cells that retained a peptidoglycan (PG) wall. Wild-type
cells grow by elongating to approximately double their original length before dividing
in half, which we confirmed to be true for our strain (Fig. 1A, rod, and B, rods). This
well-known cycle suggests that elongation is the principal means by which cells recreate

FIG 1 Shape reconstruction in spheroplasts begins with cell division. (A) Time-lapse microscopic examination of the normal cell cycle of a rod (n � 4),
A22-induced spheres (n � 11), and lysozyme-induced spheroplasts from wild-type (WT) E. coli (Sphero-WT; n � 5) or a PBP1B-deficient mutant (Sphero-ΔmrcB;
n � 4). The time after plating (in hours:minutes) is displayed in the upper right corner of each panel. (B) Graphical comparison of cell sizes during the growth
cycle of rods and the recovery phase of spherical cells. The initial size is the cell length immediately after the spheroplasts were plated onto the agar pad; the
final size is the maximum cell length prior to division. Error bars represent standard deviations. *, PBP1B-deficient spheroplasts (Sphero-ΔmrcB) never divided
but instead enlarged to about twice their original diameter before lysing. (C) A22-induced spheres were labeled with the fluorescent D-alanine derivative HADA.
(Top) phase image; (bottom) fluorescent image.
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their original shape. To compare the behavior of spherical cells with and without PG, we
first grew cells in the presence of compound A22 [S-(3,4-dichlorobenzyl)isothiourea], which
inhibits MreB and prevents cell wall elongation so that E. coli loses its rod shape and
becomes spherical or ovoid (31, 32). Such A22-induced cells have an intact, preexisting
PG cell wall, which was clearly visible after labeling with the fluorescent D-alanine
derivative coumarin-carbonyl-amino–D-alanine (HADA) (Fig. 1C). When A22 was re-
moved so that the cells could recommence growth, these spherical or ovoid cells first
elongated to almost three times their original diameter before dividing in half (Fig. 1A,
A22-sphere, and B, A22-Spheres). Thus, when PG was present, spherical or nearly
spherical cells elongated before dividing.

In contrast, E. coli LI spheroplasts did not elongate in the first stage of the shape
recovery process. Instead, the initial event was always that spheroplasts enlarged
slightly and then divided, producing two imperfect ovoids (Fig. 1A, Sphero-WT, times
0:30 and 1:00). The preliminary increase in diameter before division was very slight (Fig.
1B, Sphero-WT). Only after the initial division did the cells begin to elongate (Fig. 1A,
Sphero-WT, time 1:15) before reestablishing the normal elongation-division cycle (Fig.
1A, Sphero-WT, times 1:30 and 1:45), consistent with previous observations (28). Thus,
in the presence of a preexisting PG template, cells elongated before dividing, whereas
in the absence of a preexisting template, cells divided before elongating.

PBP1B synthesizes new peptidoglycan in spheroplasts. Spheroplasts lacking
PBP1B fail to recover a normal rod shape and instead enlarge until they lyse (28). We
reconfirmed this result (Fig. 1A, Sphero-ΔmrcB) and found that spheroplasts expanded
to about twice their diameter before lysing (Fig. 1B, Sphero-ΔmrcB). However, these
cells retained the PG synthase PBP1A, so it was not clear if PBP1B was required for cell
wall synthesis or whether it played some other role in spheroplast recovery.

To clarify the role of PBP1B, we labeled PG in recovering LI spheroplasts with the
fluorescent D-alanine derivative HADA (33) (Fig. 2). In wild-type E. coli cells, PG was

FIG 2 Synthesis of new peptidoglycan in recovering spheroplasts. E. coli MG1655 and its isogenic ΔmrcB
mutant lacking PBP1B were labeled with the fluorescent D-alanine derivative HADA. Cells were washed
and examined immediately before lysozyme treatment and immediately after the creation of LI sphero-
plasts (0:00). Newly synthesized PG was visualized by fluorescence microscopy. The time after plating
onto spheroplast recovery medium (in hours:minutes) is displayed. The images are representative. (A and
B) E. coli MG1655 (n � 15); (C and D) E. coli DR7 (ΔmrcB) (n � 11).
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clearly visible in rod-shaped cells immediately prior to treatment with lysozyme (Fig. 2A
and B, before). This preformed PG was degraded when cells were converted into
spheroplasts (Fig. 2A and B, time 0:00), consistent with the findings of previous work
showing that PG disappears from newly formed spheroplasts (28). As the wild-type
spheroplasts began to recover, newly synthesized PG became visible 20 min into the
recovery phase (Fig. 2A and B). At this early stage, newly synthesized PG was not
distributed uniformly around the cells but instead appeared as streaks or patches (Fig.
2A and B). However, at 40 min into the recovery period, new PG was concentrated most
strongly near the midpoint of each cell, consistent with the initiation and maturation of
division sites (Fig. 2A and B). After 1 h, new PG was spread fairly uniformly around the
circumference of daughter cells (Fig. 2A and B). Thus, new PG synthesis in recovering
spheroplasts was not uniform but began as patches or streaks, moved rapidly to
potential division sites, and then spread throughout the cell as each spheroplast
became more rod shaped.

Just like wild-type cells, E. coli cells lacking PBP1B (E. coli ΔmrcB cells) synthesized PG
before lysozyme treatment (Fig. 2C and D, before), indicating that this mutant could
synthesize PG to maintain a normal rod shape, but this PG disappeared from sphero-
plasts (Fig. 2C and D, time 0:00). As observed previously (28), these PBP1B-deficient
spheroplasts did not divide but grew into large spheroids (Fig. 2C). In sharp contrast to
the findings for wild-type cells, though, new PG was never observed in spheroplasts
lacking PBP1B, even after 1 h or more into the recovery period (Fig. 1D and not shown).
Thus, PBP1B was required for the de novo synthesis of PG in spheroplasts.

The preceding results indicated that normal amounts of PBP1A, the alternate E. coli
PG synthase, did not synthesize PG in recovering spheroplasts. It was possible, though,
that additional PBP1A would provide enough synthetic capacity to restore recovery to
spheroplasts lacking PBP1B. Initially, we found that the overproduction of PBP1A from
a low-copy-number vector (�5 copies/cell) did not rescue such spheroplasts (Fig. 3B).
However, the production of PBP1A from a medium-copy-number vector (�25 copies/
cell) enabled spheroplasts to divide (Fig. 3C). Surprisingly, instead of generating cells
with a normal rod morphology, these spheroplasts gave rise to roughly spheroidal
progeny, with some exhibiting short amorphous projections (Fig. 3C). These semicoc-
coidal cells continued to divide to yield yet more spheroidal progeny, resulting in
microcolonies composed of loosely dispersed cells with heterogeneous sizes and
shapes (Fig. 3C; see also Fig. S1 in the supplemental material). The simultaneous
cooverproduction of PBP1A with its activator, LpoA, also allowed spheroplasts to divide
but did not rescue the cell shape (not shown). Overall, the results strongly suggest that
the PG synthase activity of PBP1B but not that of PBP1A is essential for the regeneration
of a wild-type rod morphology.

We next asked if native levels of PBP1A failed to restore spheroplast recovery
because of two other complications, i.e., because PG synthesis was impeded by the
accumulation of toxic undecaprenyl-diphosphate (Und-PP)-linked colanic acid (CA)
intermediates (34) or by the depletion of Und-PP-linked peptidoglycan precursors (35,
36). In E. coli spheroplasts, the Rcs stress response is strongly induced and synthesizes
a large amount of CA (34). This reaction may have redirected so much undecaprenyl-
phosphate (Und-P) into the CA pathway that too few Und-PP-PG precursors were
available for PBP1A. To rule out this possibility, we deleted wcaJ from an E. coli mutant
lacking PBP1B, thus inhibiting the first step in CA biosynthesis and ensuring that no
Und-PP intermediates could be drawn away from the PG synthetic pathway (34).
However, spheroplasts lacking both PBP1B and CA did not recover (not shown),
indicating that PBP1A activity was not inhibited by this pathway artifact. In addition, we
overproduced the UppS protein, which increases the pool of Und-P (35, 36), but this
also failed to rescue the spheroplast recovery of cells lacking PBP1B and CA (not
shown). These results suggest that PBP1A activity was not limited by a buildup of lethal
Und-P intermediates or by a dearth of Und-PP-linked precursors but was more likely
caused by a difference in the function of PBP1A from that of PBP1B.
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FIG 3 LpoB activation of PBP1B is required for spheroplast recovery. Spheroplasts lacking PBP1B (ΔmrcB) (A to E) or LpoB (ΔlpoB) (F
to H) were grown on osmotically protected sucrose recovery medium, and the recovery process was monitored by time-lapse
phase-contrast microscopy. The time after plating (in hours:minutes) is displayed in the upper right corner of each panel. The images
are representative. (A) E. coli DR7V1(pAM238), vector-only control (n � 7); (B) E. coli DR7A(pSK17), wild-type PBP1A overexpressed from
a low-copy-number vector (2), 100 �M IPTG (n � 7); (C) E. coli MAJ595(pMAJ60), wild-type PBP1A overexpressed from a medium-
copy-number vector (1), 25 �M IPTG (n � 45); (D) E. coli DR7C(pSK12), PBP1B complementation with basal expression, no IPTG (n �
9); (E) E. coli DR7U(pUB2H), PBP1B-ΔUB2H overexpressed (n � 8); (F) E. coli DR8V(pDEV), vector-only control (n � 14); (G) E. coli
DR8C(pLpoB), wild-type LpoB overexpressed (n � 5); (H) E. coli DR8CIM(pLpoB-IM), inner membrane-bound LpoB variant overex-
pressed (n � 15).
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LpoB-mediated activation of PBP1B is required for spheroplast recovery. PBP1B
is anchored to the inner membrane by a transmembrane helix and part of its GTase
domain, with the active sites of its GTase and TPase domains being in the periplasm
(37). These GTase and TPase domains are separated by the UB2H segment that interacts
with the outer membrane lipoprotein LpoB, which activates PBP1B (38, 39). In the
absence of a functional Tol-Pal system, Typas et al. speculated that a PBP1B-LpoB
transmembrane complex might promote outer membrane constriction during division
(38), though Markovski et al. later argued that this was not the case (40). In either case,
since spheroplasts lacking either PBP1B or LpoB fail to divide (28), it was possible that
this complex drives constriction during spheroplast recovery. Because removal of the
UB2H domain prevents the PBP1B-LpoB association (37–39), we used this abbreviated
construct to determine if UB2H is required for spheroplast recovery. Spheroplasts
lacking PBP1B but carrying the empty vector pAM238 did not divide but instead
enlarged into large spheroids with periplasmic vacuoles and eventually lysed (Fig. 3A),
as observed previously (28). When PBP1B was supplied in trans, the spheroplasts grew,
divided, and gradually recovered their original rod shape (Fig. 3D). However, recovery
did not occur if the spheroplasts were provided with PBP1B lacking the UB2H domain
(Fig. 3E), strongly suggesting that recovery depended on PBP1B being able to associate
with LpoB.

The preceding results could be explained in one of two ways: either PBP1B and LpoB
must interact physically so as to help synthesize PG during cell division or the
PBP1B-LpoB complex is required to invaginate the outer membrane. To distinguish
between these alternatives, we first assayed spheroplast recovery in cells producing
the LpoB-independent PBP1B variant with the E313D mutation [PBP1B(E313D)] (40).
Spheroplasts producing PBP1B(E313D) and LpoB grew, divided, and recovered a normal
rod shape (Fig. S2A). Surprisingly, cells producing PBP1B(E313D) but lacking LpoB did
not divide but lysed instead (Fig. S2B). As expected, when LpoB was supplied in trans,
these spheroplasts grew, divided, and gradually recovered a normal rod shape (Fig.
S2C). Thus, the PBP1B-LpoB interaction is required for shape recovery, even though this
PBP1B variant may be enzymatically active in the absence of LpoB.

We next examined spheroplasts in which PBP1B interacted with a variant of LpoB
that is retained in the inner membrane (IM) instead of being transported to the
outer membrane (the LpoB-IM variant) (38). Spheroplasts lacking LpoB but carrying
the empty vector pDEV failed to divide and instead grew into spheroids and lysed
(Fig. 3F), while spheroplasts expressing wild-type LpoB in trans divided and re-
turned to normal rod shapes (Fig. 3G). In contrast, when LpoB-IM was supplied in
trans, the mutant spheroplasts divided (Fig. 3H), indicating that a transperiplasmic
interaction was not essential for invagination of these wall-less cells. However,
these spheroplasts gave rise to misshapen, roughly spheroidal progeny that formed
loosely packed microcolonies (Fig. 3H), characteristics equivalent to those observed
when PBP1A was overproduced in cells lacking PBP1B (Fig. 3C). Although a few cells
produced tube-shaped projections after 5 to 6 h (Fig. 3H, times 2:15 and 2:30), none
of these regained a normal rod-like morphology during the observed time course
(e.g., see Fig. S3). As an aside, we also established that the dispersed microcolony
phenotype was caused by the production of extracellular CA, because CA-negative
spheroplasts carrying LpoB-IM formed tightly packed microcolonies devoid of this
translucent material (Fig. S3, upper right inset).

The preceding results indicated that a transperiplasmic PBP1B-LpoB complex was
not required for spheroplast invagination during cell division but that the complex was
required so that the ensuing progeny could return to a normal rod shape. Although the
exact mechanism remains unknown, the simplest explanation is that PBP1B-LpoB helps
reconstruct a wild-type morphology by incorporating or cross-linking PG into the cell
wall in a specific pattern during septation.

PBP1B glycosyltransferase activity is required for spheroplast recovery. PBP1B
may contribute to spheroplast recovery either because the enzyme synthesizes PG via
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its GTase domain or because it cross-links this new PG via its TPase domain. These
domains can be inactivated independently; e.g., the E233Q mutation (here denoted
GT*) inactivates the GTase domain of PBP1B, and the S510A mutation (here denoted
TP*) inactivates the TPase domain (41, 42). Note, however, that the E233Q mutation also
eliminates the TPase activity of PBP1b, so that this mutant lacks both GTase and TPase
activities (14). Nonetheless, we were able to use these PBP1B variants to determine
which catalytic function was important for spheroplast recovery.

Wild-type spheroplasts carrying the control vector pJFK118EH recovered normally
(Fig. 4A), whereas spheroplasts lacking PBP1B and carrying the vector did not recover
(Fig. 4B). As expected, spheroplasts expressing PBP1B in trans were rescued and
recovered normally (Fig. 4C). The PBP1B variant in which neither catalytic domain was

FIG 4 Contributions of PBP1B GTase and TPase domains to spheroplast recovery. Spheroplasts carrying wild-type PBP1B (A) or lacking
PBP1B (ΔmrcB) (B to E) were grown on osmotically protected sucrose recovery medium, and the recovery process was monitored by
time-lapse phase-contrast microscopy. Individual strains carried the plasmid vector (pJFK118EH) (A and B) or plasmids expressing PBP1B
variants in which one or both catalytic domains were inactivated (inactive domains are designated GT* or TP*) (D to F). The time after
plating (in hours:minutes) is displayed in the upper right corner of each panel. The images are representative. (A) E. coli MG1655
pJFK118EH, vector-only control (n � 10); (B) E. coli DR7V2(pJFK118EH), vector-only control (n � 6); (C) E. coli DR7C1, PBP1B complemen-
tation with basal expression, no IPTG (n � 6); (D) E. coli DR7N(pGT*TP*), PBP1B-GT*TP* basal expression, no IPTG (n � 23); (E) E. coli
DR7TP(pGT*TP), PBP1B-GT*TP basal expression, no IPTG (n � 8); (F) E. coli DR7GT(pGTTP*), PBP1B-GTTP* basal expression, no IPTG
(n � 16).
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active (the GT*TP* variant) failed to rescue the recovery defect of PBP1B-null sphero-
plasts (Fig. 4D), consistent with PBP1B being required for recovery. Furthermore,
because the PBP1B-LpoB complex was present but inactive, this result also indicated
that the two proteins did not simply physically link the IM and outer membrane so that
the septum could invaginate. Similarly, the PBP1B GTase-inactive variant (the GT*TP
variant) also failed to rescue PBP1B-null spheroplasts (Fig. 4E), again emphasizing the
importance of the GTase domain for PG synthesis and supporting the view that
PBP1B-LpoB does not play a simple physical role during septation.

Surprisingly, in cells lacking wild-type PBP1B, the PBP1B variant with an inactive
TPase domain but carrying an active GTase domain (the GTTP* variant) rescued the cell
division defect but not the morphological defect (Fig. 4F). Instead, these progeny cells
continued to divide relatively normally but grew as heterogeneous spheroidal cells that
did not recover a wild-type rod shape (Fig. 4F and S4). Intriguingly, microcolonies of
PBP-null spheroplasts carrying the PBP1B variant (the GTTP* variant) appeared strikingly
similar to those that overexpressed PBP1A (compare the cells in Fig. 3C and S1 to those
in Fig. S4) and to LpoB-deficient spheroplasts in which LpoB-IM was produced (compare
the cells in Fig. 3H and S3 to those in Fig. S4). Thus, it was possible that the TPase
domain of PB1B was not activated when LpoB was tethered to the inner membrane,
which would explain why this construct behaved like the GTTP* mutant. Regardless of
the exact mechanism, the glycosyltransferase activity of PBP1B was required for division
during spheroplast recovery, whereas transpeptidation was required to recover a
wild-type rod shape.

PBP1B-associated GTase activity synthesizes new peptidoglycan in sphero-
plasts. The growth and division of spheroplasts expressing a PBP1B variant with GTase

activity only implied but did not prove that this variant enzyme synthesized PG during
invagination. To confirm this supposition, we labeled newly synthesized PG during
spheroplast recovery by labeling cells with HADA. Normal rod-shaped cells lacking
PBP1B but supplied with PBP1B (GTTP* variant cells) synthesized PG (Fig. 5, before), and
these cells lost the PG signal after being converted into spheroplasts (Fig. 5, time 0:00).
Note that in the latter case some rods escaped lysozyme treatment and retained their
PG (Fig. 5B, time 0:00). When they were allowed to recover, the spheroplasts synthe-
sized new PG, though the cells did not recover a normal rod shape (Fig. 5, times 1:00
and 2:00). This behavior was in sharp contrast to the behavior of spheroplasts lacking
any PBP1B, which failed to synthesize new PG (Fig. 2D). Thus, the GTase activity of
PBP1B was essential for synthesizing PG during spheroplast division, though this new
PG did not by itself allow the cells to recover the wild-type morphology.

FIG 5 A PBP1B variant with only glycosyltransferase activity synthesizes new peptidoglycan during
spheroplast recovery. E. coli DR7GT (ΔmrcB strain carrying plasmid pGTTP*) was labeled with the
fluorescent D-alanine derivative HADA. Cells were washed and examined immediately before lysozyme
treatment and immediately after the creation of LI spheroplasts (0:00). Newly synthesized PG in
recovering spheroplasts was visualized after 1 and 2 h of growth in liquid spheroplast recovery medium
(i.e., images on agar are not time-lapse observations). The recovery time (in hours:minutes) is displayed
above the panels. The images are representative (n � 19).
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DISCUSSION

We strongly agree with Billings et al. that “de novo cell-wall synthesis . . . [is] a
powerful tool to study how cell shape is programmed in bacteria” (43). Such experi-
ments shed important mechanistic light on the components and reactions required to
create different cellular morphologies. Here, we show that PBP1B is the major synthase
required for initiating de novo PG synthesis and for generating wild-type cell shape in
recovering E. coli spheroplasts. Under these conditions the glycosyltransferase activity
of PBP1B is required to initiate PG synthesis and drive cell division, and the final
rod-shaped morphology depends on the transpeptidation carried out by this enzyme.
These results argue that PBPs with similar enzymatic abilities are not redundant but
instead play distinct roles in creating cellular morphology in the absence of a preex-
isting cell wall.

Cell division precedes cell elongation. As we have shown here and elsewhere,
spheroplast recovery begins with division and is followed by cell elongation that
eventually recreates the normal rod shape of E. coli (28). Although this hierarchy of
events seems straightforward, spheroplasts generated by another method exhibit a
slightly different mode of recovery. For example, Joseleau-Petit established a model
system in which E. coli spheroplasts are created by incubating cells in the presence of
cefsulodin (44), thereby creating what we term “cefsulodin-induced (CI) spheroplasts,”
as opposed to the lysozyme-induced (LI) spheroplasts that we used here. After cefsu-
lodin is removed, CI spheroplasts first develop tubular protrusions composed of newly
incorporated PG, and these elongating cells eventually recover a normal rod shape
within a few generations (43, 45). CI spheroplasts that do not recover do not extrude
these protrusions and so remain spheroidal, suggesting that in this system elongation
initiates shape recovery (43, 45).

Why is the order of events different between CI spheroplasts and LI spheroplasts,
and what does this tell us about the requirements for de novo cell wall synthesis and
shape recovery? The major difference is the status of the wall in the two types of
spheroplasts. CI spheroplasts are billed as having no intact cell wall (45), which is
technically correct, in the sense that the PG in these cells cannot be cross-linked
normally because cefsulodin inactivates the TPase activities of PBPs 1A and 1B (43).
However, the GTase activities of these enzymes are still functional (14, 43, 44), and in
fact, cefsulodin enhances the GTase activity of PBP1a in vitro so that the enzyme
synthesizes glycan chains that are 1.7 times longer than normal (5). Also, the residual
PG in CI spheroplasts continues to be cross-linked by an alternate L,D-transpeptidase
route, meaning that these cells contain at least some cell wall fragments, though they
cannot protect against osmotic lysis (44). In sum, in CI spheroplasts, PBPs 1A and 1B
have functional GTase activity (but not TPase activity) and these cells contain a small
amount of abnormally cross-linked PG. In contrast, in LI spheroplasts, PBPs 1A and 1B
are fully functional and these cells contain no measurable amount of PG (28).

The sequence of recovery events in these two types of spheroplasts can be recon-
ciled as follows. In CI spheroplasts, which retain PG remnants and glycan strands, the
GTase activities of PBPs 1A and/or 1B can use this residual material as a preexisting
template to which new glycan chains may be added. Therefore, cell wall elongation can
begin immediately, followed by normal cell division of the rod-like protrusions. On the
other hand, in LI spheroplasts there is little or no preexisting PG, which means that a
PG template must be synthesized before elongation can begin. We find that this is
accomplished solely or primarily by the GTase activity of PBP1B, which drives cell
division first, and only after this is the new template extended and reshaped by the
PBPs. Thus, PBP1B activity during cell division probably represents the initial event in
shape recovery in both LI and CI spheroplasts. Corroborating evidence for this inter-
pretation is that CI spheroplasts grow very poorly in the absence of PBP1B, which led
Joseleau-Petit et al. to conclude that such cells require the GTase activity of PBP1B for
efficient growth or division, even while they are in the spheroidal state (44). Only a
slight amount of PG is visible around each spheroidal cell, but the concentration of PG
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is quite prominent at division sites during constriction (43, 45). This material likely
represents poorly cross-linked PG created by the residual GTase activity of PBP1B. Thus,
PBP1B GTase activity probably accompanies or drives division in propagating CI sphero-
plasts. When cefsulodin is removed to allow recovery, these cells already have a
template that can be elongated, which coincides nicely with the results reported here.
PBP1B, then, is required for CI spheroplast division before recovery begins, whereas in
LI spheroplasts, PBP1B must synthesize PG and initiate division prior to subsequent
shape recovery.

What happens to wall-less cells that cannot initiate cell division during the transition
stage? Can they recover a normal morphology? This question has been addressed
indirectly by Mercier et al., who created E. coli L-form-like cells by adding fosfomycin,
an inhibitor that prevents the synthesis of PG precursors and glycan chains (46). When
fosfomycin is removed, these spherical fosfomycin-induced (FI) spheroplasts divide and
recover their normal rod shape, although the details of this transition have not been
documented (29, 46). What is clear is that efficient recovery requires FtsZ, which
orchestrates normal cell division in most bacteria. When FtsZ is removed from such FI
spheroplasts and the cells are placed in recovery medium lacking fosfomycin, most cells
lyse, but a few recover and grow as elongated rods before they die (46). This argues
that PBP1B (or some other PG synthase) can synthesize PG de novo in recovering FI
spheroplasts and can, in a few cells, recreate the rod-shaped morphology in the
absence of FtsZ-driven cell division. This sequence of events implies that in the absence
of cell division, a normal morphology can be recovered, though at a much reduced
frequency, consistent with PBP1B having a principal role in restoring cell shape.

Surprisingly, using the fosfomycin system, Mercier et al. isolated a small number of
suppressor strains that grew as highly amorphous spheroidal cells that nevertheless
synthesized a cell wall. Of the three suppressors examined, all contained mutations that
disabled (in one way or another) PBP1B or LpoB, a lipoprotein that activates PBP1B (46).
The existence of such strains would seem to contradict our conclusion that PBP1B is
required for de novo PG synthesis. However, in two of these strains, lpoB transcription
was impaired to an unknown degree (E. coli sup-1) or the protein was truncated at
about half its normal length (E. coli sup-7) (46). Wild-type PBP1B would retain measur-
able activity if some LpoB remained active in these cells and might do so in any case
because LpoB enhances PBP1B activity by up to 8-fold (39, 47, 48). This means that
PBP1B in these two strains may initiate de novo cell wall synthesis but be unable to
recreate a rod morphology. In the third strain (E. coli sup-5) PBP1B was truncated but
not eliminated, leaving its GTase domain virtually intact (46). In fact, amino acid
residues missing from the truncated protein are not well conserved (37), so this variant
could easily retain GTase activity and be capable of polymerizing glycan chains. Thus,
the GTase-proficient PBP1B in the sup-5 strain may synthesize peptidoglycan de novo
but be unable to recreate rod-shaped cells because it lacks TPase activity, in agreement
with what we report here. Of course, the LI spheroplast versus FI spheroplast (L-form)
systems are not exactly equivalent, so more work will be required to fill in the details
and differences.

Finally, the above-described considerations may explain why Mercier et al. could not
recreate a ΔftsZ suppressor strain simply by removing PBP1B (as in their supplementary
Fig. 4) (46), because this would eliminate an essential GTase activity. Similarly, the
expression of wild-type PBP1B (or LpoB) would be lethal for the suppressor strains that
arose spontaneously, because the combined GTase/TPase activities of PBP1B would
recreate a normal rod shape, thus leading to filamentation and death (as in Fig. 4 of
Mercier et al. [46]). In sum, then, the results obtained with all model systems argue that
PBP1B plays a prime role in the genesis of bacterial shape. Here, we have delineated
that role more clearly.

Why PBP1B and not PBP1A? The transpeptidation possibility. For over 30 years
it has been clear that PBP1A can support E. coli growth and division in the absence of
PBP1B (12, 16, 17). At first, this simple fact suggested that the two enzymes were
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interchangeable and perhaps redundant (11). Why, then, under normal circumstances,
can PBP1B but not PBP1A synthesize PG de novo? Although the two enzymes are
similar, compared to cells lacking PBP1A, those without PBP1B grow at a decreased
rate, have reduced PG surface density (19), are hypersensitive to beta-lactam antibiotics
(49, 50), lyse with increased readiness during exponential and stationary growth (51; S.
Kannan, M. A. Jorgenson, and K. D. Young, unpublished data), and cannot support
spheroplast recovery (28). The answer may be rooted in enzymatic differences. For
example, in an in vitro membrane assay, PBP1B is approximately 10-fold more resistant
to penicillin than PBP1A (52) and PBP1B synthesizes more peptidoglycan than PBP1A in
ether-permeabilized cells (53). Thus, the most straightforward possibility is that PBP1B
is simply a more efficient enzyme, which may explain why PBP1A cannot support
spheroplast recovery, unless the latter protein is overproduced in sufficient quantity.

However, general kinetic differences between the enzymes either are irrelevant or
are, at best, only a partial explanation, since the overproduction of PBP1A in PBP1B-
deficient spheroplasts restores growth but not the ability to regenerate rod-shaped
cells. Because a PBP1B variant lacking TPase activity behaves like PBP1A in this regard,
we suggest that the two wild-type enzymes differ in the way that they cross-link PG and
that this difference determines whether spheroplasts can recover a wild-type morphol-
ogy. The conclusion that transpeptidation may be required for recreating a normal
morphology is consistent with the findings of previous work showing that altered PG
cross-linking affects cell shape. For example, the removal of multiple PBPs from E. coli,
including those that affect cross-linking, results in abnormally shaped cells (24, 54).
Similarly, non-PBP proteins with endopeptidase activity determine the normal spiral
shape of Helicobacter pylori (55, 56). Indirect evidence and modeling studies also
suggest a connection between PG cross-linking and rod shape in E. coli (57, 58).
Curiously, the opposite situation has recently been observed in pathogenic strains of
Chlamydia, in which an MreB-associated GTase synthesizes PG but in which cell division
is driven by PG cross-linking (59). Of course, possibilities other than a defining role for
transpeptidation can be imagined, and further work will be needed to illuminate the
exact mechanism by which PBP1B directs the synthesis of rod-shaped E. coli.

Relationship to functions of SEDS proteins. Recently, members of the SEDS
protein family were implicated as newly identified alternate GTases that may be
fundamentally important PG polymerases (8, 9). These novel observations predict that
the SEDS members RodA and FtsW may act in concert with two class B PBPs (in E. coli,
PBP2 and PBP3, respectively) to synthesize PG, in addition to or perhaps independently
of PBPs 1A and 1B (8, 9). The results that we report here do not directly address how
this new SEDS-plus-class B PBP paradigm might fit into the creation of cells with a
defined morphology. However, indirectly, our current results do place constraints on
how these enzymes function in de novo shape determination. First, regarding the SEDS
proteins, it is clear that in the absence of PBP1B neither RodA nor FtsW plus the RodA-
and FtsW-associated proteins can synthesize sufficient PG to regenerate a normal
cylindrical cell wall in E. coli. Thus, PBP1B plays a central role in creating cell shape, at
least in cells making wild-type levels of all other proteins. Second, the results strongly
imply that the TPase activities of PBPs 1A, 1B, 2, and 3 are differentiated in some way.
The data indicate that the TPase activity of PBP1A cannot substitute for that of PBP1B,
at least not under normal conditions. The fact that the TPase activity of PBP1B is
required to create normally shaped cells is somewhat surprising because the TPase
activities of the two class B PBPs have long been considered the primary determinants
of whether E. coli elongates to form a rod shape (PBP2) or whether the cells divide
(PBP3) (7). However, even though both of these class B PBPs are present in recovering
spheroplasts, neither is able to synthesize a cylindrical cell wall in the absence of the
TPase supplied by PBP1B. Biochemically, it has been difficult to establish the extent of
TPase activity associated with these two class B PBPs. The TPase activity of PBP2 was
detected only recently (5), and though PBP3 exhibits some TPase activity toward
artificial substrates (60, 61), no such activity has been measured in the presence of
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natural substrates (14). Nonetheless, regardless of their enzymatic capabilities, our
present data indicate that the combined TPase activities of PBPs 1A, 2, and 3 by
themselves cannot initiate de novo rod-like growth in E. coli. In short, then, in vivo there
must be structural or functional differences between PBP1B and both the PBP1A
machinery and the SEDS-driven machinery. We conclude that under normal growth
conditions the GTase activity of PBP1B is essential for de novo PG polymerization and
its TPase activity plays a pivotal role in constructing uniformly rod-shaped E. coli cells.
Under these circumstances, other enzymes cannot substitute for PBP1B.

Summary. As Billings et al. aptly summarize, the ability to resynthesize a rod-shaped
cell wall de novo “suggests that wild-type morphology is strongly programmed by the
cell-wall synthesis machinery” (43). Here, we identify PBP1B to be an integral part of
that machinery and establish that the two enzymatic activities of PBP1B play different
roles in creating bacterial cell shape. Specifically, one of the earliest steps in building a
bacterial wall de novo requires the GTase of PBP1B, while the TPase activity of this
enzyme helps ensure that the cells recover a wild-type rod shape. Future work on the
overall process should expand our understanding of these early stages of de novo cell
wall synthesis, define how these activities are integrated with subsequent enzymatic
steps to create cells of defined shapes, and help explain why most bacteria produce
multiple PG synthases.

MATERIALS AND METHODS
Bacterial strains, plasmids, DNA manipulation, and media. The bacterial strains and plasmids

used in this study are listed in Tables 1 and 2, respectively. E. coli DH5� was used as the intermediate
cloning strain, and all experiments were performed in the strain MG1655 genetic background. Routine
cultures were grown in Luria-Bertani (LB) medium, and when appropriate, ampicillin (100 �g/ml),
kanamycin (50 �g/ml), or spectinomycin (50 �g/ml) was added. The spheroplast recovery assay was
conducted in sucrose recovery medium (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10
mM MgCl2, 10 mM MgSO4, 20 mM glucose, 0.23 M sucrose, pH 7.0) (28). Standard DNA, PCR, and
molecular biological techniques were utilized for cloning and plasmid construction (62), and the
sequence of each plasmid and clone was verified by DNA sequencing (UAMS DNA Sequencing Core
Facility).

Plasmid constructions. The plasmids used for the rescue of ΔmrcB cells were constructed in pDEV
(28) or pDSW361 (63). To construct pLpoB-IM, primers LpoB-EcoRI-F (CGCGAATTCGTATTAACTTTATAAG
GAGGAAAAACATAGTACAAAAAGTAGTCGCTACGC) and LpoB-HindIII-R (CGCAAGCTTTTATGTCGTCGAAAC
GGCACCT) were used to PCR amplify lpoB from the chromosome of E. coli CAG60377 (38) and cloned into
the EcoRI and HindIII restriction sites (the underlined sequences) of plasmid pDEV. To construct pUB2H,

TABLE 1 E. coli strains

Strain Relevant features Source or reference

DH5� �80dlacZΔM15 Δ(lacZYA-argF)U169 deoR recA1 endA
hsdR17(rK

� mK
�) phoA supE44 thi-1 gyrA96 relA1

Lab collection

MG1655 F� �� ilvG rfb-50 rph-1 Lab collection
CAG60377 BW25113 LpoB-IM 38
DR7 MG1655 ΔmrcB::frt 28
DR7C DR7(pSK12) 28
DR7A DR7(pSK17) This work
DR7U DR7(pUB2H) This work
DR7V1 DR7(pAM238) This work
DR7V2 DR7(pJFK118EH) This work
DR7C1 DR7(pPBP1B) This work
DR7N DR7(pGT*TP*) This work
DR7TP DR7(pGT*TP) This work
DR7GT DR7(pGTTP*) This work
DR8 MG1655 ΔlpoB::frt 28
DR8C DR8(pLpoB) 28
DR8V DR8(pDEV) This work
DR8CIM DR8(pLpoB-IM) This work
MAJ594 DR7(pDSW361) This work
MAJ595 DR7(pMAJ60) This work
MAJ596 DR7(pMAJ63) This work
MM43 MG1655 mrcB (E313D) yadC::Tn10 40
MM49 MG1655 mrcB (E313D) ΔlpoB::frt yadC::Tn10 40
MM49C MM49(pLpoB) This work
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inverse PCR was used to remove the UB2H region from pSK12. First, primers UB2H-1-F (TTCGGTTTCTT
CCGTCTGTATCCGC) and UB2H-1-R (AAGATGTACCATTCGGCCATAAACT) were used to PCR amplify pSK12
to delete the region from G340 to G573 of mrcB that encodes the UB2H domain. The resulting DNA
fragment was treated with DpnI, gel purified, and ligated to itself to generate pUB2H. To construct
pMAJ60, mrcA was amplified from E. coli MG1655 DNA with primers P135 (CAGGAATTCAAGTTCGTAAA
GTATTTTTTGATCC) and P366 (TTGGAGCTCTCAGAACAATTCCTGTGCCTC). The 2,568-bp product was cut
with EcoRI and SacI (restriction sites are underlined) and ligated to the corresponding restriction sites of
pDSW361. pMAJ63 was constructed by amplifying lpoA with primers P367 (CAAGAGCTCAATTTCACACA
GGAAACAGACCATGGAATTCGTACCCTCAACATTTTCTCG) and P368 (TTGGGATCCTTAACTGACGGGGACTA
CCTG). The 2,083-bp product was cut with SacI and BamHI (restriction sites are underlined) and ligated
to pMAJ60.

Spheroplast recovery. The spheroplast recovery assay was performed as described previously (28).
Briefly, 0.1 ml of E. coli cells from an exponentially growing LB broth culture was harvested when the cells
reached an optical density at 600 nm (OD600) of 0.2 and washed with phosphate-buffered saline (PBS; pH
8.0). To improve the spheroplasting efficiency, cells were plasmolyzed by resuspending them in 0.625 M
sucrose plus lysozyme (20 �g/ml) for 10 min at 37°C. We later found that the efficiency of spheroplasting
could be improved further without affecting recovery by increasing the lysozyme concentration to 150
�g/ml. A mild osmotic shock was applied by diluting these cells with 1.5 times the original volume of PBS
(no sucrose) containing lysozyme (20 �g/ml) to reduce the sucrose concentration to 0.25 M, after which
the cells were incubated at 37°C for an additional 10 min. To remove the lysozyme, the cells were
pelleted by centrifugation at 500 � g for 15 min and then washed with sucrose recovery medium. The
resulting cell pellet was resuspended in 5 �l of recovery broth, and 1 to 2 �l was transferred onto a
sucrose recovery soft agar pad in a chambered slide. These slides were incubated on the stage of a Zeiss
Axio Imager Z1 microscope that was enclosed in a 37°C incubation chamber. Time-lapse observations
and photographs were obtained as described below.

Recovery of �mrcB spheroplasts. ΔmrcB cells harboring plasmids were grown at 37°C, sphero-
plasted, and spotted onto sucrose recovery agar containing 100 �M IPTG (isopropyl-�-D-thiogalactopy-
ranoside; pSK17 and pLpoB), 25 �M IPTG (pMAJ60 and pMAJ63), or no IPTG (pSK12, pPBP1B, pGT*TP,
pGTTP*, and pGT*TP*).

Peptidoglycan labeling. E. coli PG was labeled with the fluorescent D-alanine derivative hydroxy
coumarin-carbonyl-amino–D-alanine (HADA) (33), a gift from Erkin Kuru and Michael S. VanNieuwenhze
(33). E. coli cells were incubated in LB medium at 37°C with shaking until they reached an OD600 of 0.2.
Live spherical cells that still retained PG were created by adding compound A22 [S-(3,4-dichlorobenzyl)
isothiourea; final concentration, 5 �g/ml], incubating for an additional 1 h at 37°C, and then labeling with
500 �M HADA for 20 min, after which the cells were fixed at room temperature for 15 min in 2.8%
formaldehyde plus 0.04% glutaraldehyde, washed twice with PBS, pH 7.4, and prepared for microscopy.

The following procedure was used to visualize the peptidoglycan in rod-shaped cells before and after
spheroplast formation, as well as the new peptidoglycan synthesis that occurred in spheroplasts during
the cell wall recovery period. E. coli cells were incubated in LB medium at 37°C with shaking until the
culture reached an OD600 of 0.2. This culture was divided into four parts. One part was used to monitor
the quality of spheroplast formation. HADA (500 �M) was added to this portion, incubation was
continued for an additional 20 min, and half of the cells were fixed and examined by microscopy to show
that PG was present before spheroplasts were generated (these are referred to as “before samples”). The
other half of these cells were converted into spheroplasts, fixed, and examined by microscopy to verify
that peptidoglycan had been removed (these are referred to as “after samples”), as described previously
(28). The unlabeled rod-shaped cells in the remaining three parts of the original culture were converted

TABLE 2 Plasmids

Plasmida Relevant features Source or reference

pDEV colE1 lacIq Plac kan 28
pAM238 pSC101 Plac spec 64
pDSW361 pDSW361 is a Kanr derivative of pDSW204;

pBR lacIq Ptrc99A kan
63

pJFK118EH pMB1 lacIq Ptac kan 42
pSK12 pAM238-Plac::mrcB S. Kannan
pUB2H pAM238-Plac::mrcB Δ(340–573)b This work
pSK17 pAM238-Plac::mrcA S. Kannan
pMAJ60 pDSW361-Ptrc99A::mrcA This work
pMAJ63 pDSW361-Ptrc99A::mrcA-lpoA This work
pLpoB pDEV-Plac::lpoB 28
pLpoB-IM pDEV-Plac::lpoB (T62C, G36C, G65A) This work
pPBP1B pJFK118EH-Ptac::mrcB 42
pGT*TP* pJFK118EH-Ptac::mrcB (G697C, T1528G) 42
pGT*TP pJFK118EH-Ptac::mrcB (G697C) 42
pGTTP* pJFK118EH-Ptac::mrcB (T1528G) 42
aInactive domains of PBP1B are indicated with asterisks: GT*, glycosyltransferase with the E233Q mutation;
TP*, transpeptidase with the S510A mutation.

bΔ(340 –573), deletion of nucleotides 340 to 573.
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into spheroplasts to detect the synthesis of new peptidoglycan at different points during the recovery
period. The spheroplasts were inoculated into three separate tubes of liquid sucrose recovery broth and
incubated at 37°C in a stationary water bath. HADA was added immediately to the first tube, the mixture
was incubated for 20 min, and the cells were fixed, washed, and prepared for microscopy (the 20-min
time point). The second set of spheroplasts was incubated for 20 min at 37°C, HADA was added, the
culture was incubated for an additional 20 min, and the cells were fixed, washed, and prepared for
microscopy (the 40-min time point). The third set of spheroplasts was incubated for 40 min at 37°C,
HADA was added, the culture was incubated for an additional 20 min, and the cells were fixed, washed,
and prepared for microscopy (the 1-h time point). The level of HADA incorporation represented the
amount of new peptidoglycan synthesized during these three recovery periods.

Microscopy. Spheroplasts and intact cells were visualized by using a wide-field epifluorescent Zeiss
Axio Imager Z1 microscope fitted with a �100 differential interference contrast objective (numerical
aperture, 1.45). Fluorescent images of HADA-labeled cells were captured by using 4=,6-diamidino-2-
phenylindole (DAPI) filters (excitation, 358 nm; emission, 461 nm). Images were acquired with a Zeiss
AxioCam MRm camera and were processed with AxioVision software and Adobe Photoshop.
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